Background: Tyrophagus putrescentiae (Acari: Astigmata) and Fusarium sp. co-occur in poorly managed grain. In a laboratory experiment, mite grazing resulted in significant reduction of fungal mycelium on cultivation plates. The destruction of mycelium appeared to be a result of an interaction between the mites, fungi and associated bacteria.
Introduction
It is believed that ancestors of synanthropic mites penetrated gradually from soil habitats to bird and rodent nests and switched from fungal diet to utilization of debris [1] . In the following step, they penetrated also to anthropogenic environments [2] , where they colonized diversified habitats i.e. stored food, plant product, feed of domestic animals and pets, and house dust [3] . Fungivory seems to remain one of the feeding strategies of synanthropic mites, and may have important consequences to their successful survival in human habitats [4] . Such habitats contain plant debris, which are rich in carbohydrate sources but poor in nitrogen contents. Microorganisms growing on plant debris can supply the lacking nitrogen. Synanthropic mites are regarded as pests because they produce many compounds contaminating the indoor environment and cause allergic reaction in humans [5, 6] . The mites also interact and vector microorganisms of medical importance [7, 8] .
Tyrophagus putrescentiae is one of the most common synanthropic mites with a cosmopolitan occurrence. Its feeding on fungi was reported in many studies and confirmed that T. putrescentiae is able to successfully develop on many fungal species [9, 10, 11] . The species frequently attacks the laboratory fungal cultures [12] .
Potential for s utilization of bacteria as a food source for T. putrescentiae [13] was documented by lysozyme activity which was detected both in the whole body homogenates and fecal extracts of T. putrescentiae [14] and indicated digestive activity. Lysozyme hydrolyzes peptidoglycan (alternating b-(1,4) linked N-acetylglucosamine and N-acetylmuramic acid) in the cell wall of G+ bacteria; however, it can also cleave chitin (b-(1,4) linked polymer of N-acetylglucosamine).
In a laboratory experiment, fungal cultures grown on Petri dishes inoculated with T. putrescentiae, mite feeding resulted in total elimination of fungal mycelium [9] . In the previous experiments, we have observed the ability of T. putrescentiae to successfully develop on mycelium of Fusarium avenaceum, F. culmorum, F. poae and F. verticillioides [15] however, the switch in bacterial communities was described only by cultivation approach [16, 17, 18] . Although Fusarium spp. are known as ''field fungi'' infecting plants, these fungi secondarily continue to grow and produce mycotoxins in stored grain [19] . Poorly managed grain is often contaminated by mites including T. putrescentiae [20] and it is expected that T. putrescentiae interacts with fungi by yet unknown complex mechanisms.
In this study, we designed a model experiment simulating the situation in stored grain infested by mites and different Fusarium spp. strains. The aim of the study was to describe changes in miteassociated bacterial community induced by feeding on the cultures of Fusarium spp. and to find whether bacterial taxa able to participate in the elimination of the fungal mycelium are selected.
Materials and Methods

Mites
Synanthropic mite Tyrophagus putrescentiae (Schrank) (Acari: Acarididae) originated from the laboratory cultures maintained at the Crop Research Institute, Praha, Czech Republic (CZ). Mites were reared on a mixture of oat flakes, wheat germs, and Pangamin -dried yeast extract (Rapeto, Bezdruzice, CZ) (ratio: 10:10:1 wt). The diet was powdered and sieved and sterilized in a thermostat (70uC) for 0.5 h. About 1.5 g of the diet was placed into Iwaki tissue cell chambers (P-Lab, Praha, CZ) and chambers were maintained in Secador desiccators (P-Lab) at 85% relative humidity and 2563uC in darkness. Mites were separated using Stemi 2000 C dissection microscope (C. Zeiss, Jena, Germany) from the plugs or surface of the chambers by brush. Mites were not sexed and aged. 
Experimental Design
Selected fungal species were cultivated on oatmeal agar in triplicate for 7 days. A mycelium sample of each species was used for DNA extraction. About 100 mites were added to every plate and incubated for 7 days at 25 uC. Samples of mites collected after incubation were surface-sterilized: (i) ethanol, bleach (4. (ii) 96% ethanol -2 minutes; (iii) 3 times sterile redistilled water -2 minutes. The solution was removed by centrifugation (Espresso centrifuge, Thermo Scientific). Replicates were mixed to obtain one sample of mites per diet of one fungal species. As a reference, mites were also collected from the original rearing diet.
16S RNA Gene Cloning and Sequencing
The DNA extraction was done using WizardH SV Genomic DNA Purification Kit (Promega, Madison, WI) according to manufacturer's instruction. Extracted DNA was stored in a freezer at 220uC before analyses. PCR amplification of 16 S rRNA gene was performed with universal bacterial primers -UF: 59-AGA GTT TGA TYM TGGC 39 (position 8-23) and UR: 59-GYT ACC TTG TTA CGA CTT (position 1496-1514) [22] using C1000 thermal cycler (Bio-Rad, Hercules, CA, USA). A total volume of 25 ml PCR reaction mixture contained final concentration of 200 mM dNTPs, 3 mM MgCl 2 ; forward and reverse primers (100 nM each), 0.5 unit Taq polymerase (all Promega, Madison, WI) and 300 ng template DNA (mixture of mite genomic DNA and bacterial DNA). Amplification conditions were as follows: Two min at 94uC followed by 30 cycles of 90 s at 94uC, 90 s at 50uC, and 60 s at 72uC, followed by final extension for 10 min at 72uC and 4uC hold [22] . Resulting PCR products were purified with GFX PCR DNA and Gel Band Purification Kit (Amersham Bioscience, UK) and cloned using pGEMH-T Easy Vector (Promega, Madison, WI, USA). Selected clones were sequenced in the Macrogen (Seoul, Korea). Nearly full length sequences were assembled with CodonCode Aligner, version 1.5.2 (CodonCode Corporation, Dedham, MA, USA) and assigned to bacterial taxonomy using Ribosomal database project naïve Bayesian rRNA classifier [23] .
Phylogenetic Analysis
An initial alignment of partial 16 S rRNA gene sequences was performed using Muscle 3.6 [24] . Phylogeny was inferred by Bayesian analysis using Markov-Chain Monte Carlo sampler in Phase 2.0 software [25] . Neighbor-Joining method based on the Jukes-Cantor distance matrix, (1000 bootstrap resamplings) in Phylip 3.68 package [26] , and Maximum-likelihood method with Jukes-Cantor substitution model (1000 bootstrap resamplings) in Phyml software [27] . The resulting phylograms were finalized using MEGA version 4 [28] .
Results
Bacterial Communities of Mites and Fungal Cultures Before their Co-incubation
A total of 46 nearly-full length sequences were obtained from samples of fungal species before mite introduction and 20 sequences were from mites of the original rearing diet. The sequences were deposited in GenBank under Accession Nos. JX001188 -JX001253. Bacterial communities associated with F. avenaceum, F. culmorum and F. verticillioides were formed only by bacteria related to Stenotrophomonas. Bacterial community of F. poae was more diverse and included bacteria related to Acetobacteraceae, Sphingobacteriales, Rhizobiales and uncultured Sorangiineae ( Table 1 ). The initial sample of bacterial community in mites originated from rearing diet showed a developed bacterial community. The most abundant were bacteria with high similarity to Kocuria, followed by uncultured Bacillaceae, Virgibacillus, Staphylococcus and Bartonella-like bacteria (uncl. Rhizobiales) (Figure 1 ).
Bacterial Communities of Mites Feeding on Fugal Cultures
A total of 91 nearly-full length sequences of 16 S rRNA gene were obtained from the samples of mites grazing on fungal cultures for 7 days. The sequences are deposited in GenBank under Accession Nos. JX001254 -JX001344. The shift of diet caused by transfer of mites from rearing diet to the Fusarium spp. cultures changed associated bacteria (Figure 1 ). The changes of the bacterial community were influenced by the fungal species.
Bacteria related to Kocuria prevailed in the specimens originating from F. avenaceum diet reminding the original diet. However, the other detected bacteria including Pelomonas, Lactococcus, Pseudomonas, Bacillus and uncultured group 2 of Acidobacteria differed from the initial sample. In mites grown on F. culmorum diet, prevailing bacteria had high 16 S rRNA gene sequence similarity to Lysinibacillus. Those were followed by bacteria phylogenetically related to Virgibacillus, uncultured Bacillaceae, Brevibacterium and Rhizobium. Mites grown on F. verticillioides diet harboured bacterial community, which consisted namely of bacteria related to Bacillus and Lysinibacillus (Figure 2) .
The most diversified bacterial community was associated with mites grown on F. poae diet, although part of the spectrum was similar to the initial stage, i.e. belonging to Kocuria, uncultured Bacillaceae, and Virgibacillus. The clones belonging to Stenotrophomonas corresponded to the situation of fungal culture without mites. Tyrophagus putrescentiae grown on the tested diets (Tk -rearing diet, TFa -Fusarium avenaceum, TFc -F. culmorum, TFp -F. poae and TFv -F. verticillioides) and 39 selected type-strain sequences from the genera Bacillus and Staphylococcus. Branch lengths correspond to mean posterior estimates of evolutionary distances (scale bar, 0.2). Branch labels indicate the Bayesian posterior probability and for selected branches also supporting bootstrap values from maximum-likelihood and neighbor-joining analyses. The phylograms were outgrouped using the E. coli sequence U00096. doi:10.1371/journal.pone.0048429.g002
The diet specific clones were related to Oceanobacillus, Pantoea, Rhizobium, uncultured Deltaproteobacteria, and Acidobacteria Group 2.
Comparison of the Bacterial Communities
Venn diagrams (Figure 3 ) at distance 0.10 showed that bacterial taxa occurring in any of the fungal species before mite introduction were never identified in mite bodies. Differently, the taxa present in mite bodies before the shift of their diets still persist in mites after the shift. Mixed bacterial communities were formed in specimens feeding on F. poae, F. culmorum and F. avenaceum diets, containing newly emerging bacterial taxa and taxa, which had been present in control diets. A different situation occurred in mites feeding on F. verticillioides diet. After the shift from control to F. verticillioides diet, the change in bacterial taxa was substantial with no common taxa occurring in the control and persisting in F. verticillioides diet.
In conclusion, Bacillaceae clones were responsible for the differences in mite associated bacterial communities. The Bacillaceae clones were observed in control mites and those feeding on the fungal diets but not in the fungal cultures without mites. In particular, species-specific clusters of Bacillaceae clones were found in mites on a diet of F. verticillioides (17 clones related to Bacillus galactosidilyticus) and F. poae diet (5 clones related to Oceanobacillus oncorhynchi). The reaming two clusters included clones from either F. verticillioides, and F. culmorum (Lysinibacter sp.) diets, or F. poae and F. culmorum (Bacillus sp.) diets.
Discussion
Changes of the bacterial community associated with T. putrescentiae after transfer to fungal diets were observed. The resulting community was enriched particularly with bacterial species, which may participate in hydrolysis of fungal mycelium. Such changes in mite-associated bacterial community were expected because it has been documented previously that shifts of insect dietary regimes led to selection of new intestinal microbial communities [29, 30] . In this study, mites not only developed different gut associated bacterial community but also introduced several bacterial taxa of Bacillaceae, which might contribute to destruction of fungal mycelium. The shift of mite-associated bacterial community was influenced by original status on control diet because some originally present bacterial taxa persisted in specimens feeding on F. poae, F. culmorum and F. avenaceum diets. However, in specimens feeding on F. verticillioides diet, the bacterial community changed completely. In a previous study, we have described a diverse internal bacterial community of T. putrescentiae, which included genera of Kocuria, Bacillus and Staphylococcus [31] . These bacteria were identified both among the clones and isolates and their presence was confirmed in this study. Bartonella-like and Pseudomonas, Virgibacillus and uncultured Bacillaceae were found in T. putrescentiae, but were not detected previously [31] .
Differences in occurrence of Bacillaceae clones were observed between control mites and those feeding on the fungal diets and Bacillaceae clones were absent in the fungal cultures without mites. It suggests that mites introduce mainly Bacillaceae, i.e. Bacillus sp., Bacillus galactosidilyticus, Oceanobacillus oncorhynchi and Lysinibacter sp. to the fungal cultures. These bacteria can interact with mites and fungi and also change the palatability of fungi to the mites [16, 18] . In a previous study, the suitability of Fusarium spp. fungal diet for T. putrescentiae development decreased in the order from F. verticillioides, F. culmorum, F. avenaceum to F. poae being the least suitable for T. putrescentiae development [15] .
The introduction of T. putrescentiae to Fusarium sp. fungi led to the elimination of fungal mycelium [15] . Bacterial lysis of fungi has been documented e.g. in Bacillus cereus affecting Fusarium oxysporum possibly using chitinase and laminarinase activities. However, incubation of fungal mycelium with chitinase alone did not result in the fungus lysis [32] . That indicated that the process might be more complex.Production of chitin degrading enzymes was described in several Bacillaceae including B. circulans [33] , B. licheniformis [34] , B. cereus [35] , B. subtilis, B. pumilus and Virgibacillus marismortui [36] . Although chitinase activity was not assayed in the present study, it had been documented previously for extracts of T.
putrescentiae [18] . It is known that the ability to lyse fungal hyphae, rather than chitin only, may provide growth substrate for chitinolytic soil bacteria [37] . Our suggestion is that the lytic activity resulting in the degradation of fungal hyphae in our experiments was conferred mainly by Bacillaceae. Mite contribution was mainly in fragmentation of mycelium by chelicerae [15, 17] and dispersal of bacteria through the fungal culture by feces in a similar way as suggested for fungal spores [4, 8] .
Mites can digest contents of fragmented and partly destroyed mycelium together with bacteria growing on fungus. Digestion of bacteria has been documented previously for T. putrescentiae [13] . Also, based on the observed shift of bacterial community to one dominated by Bacillus galactosidilyticus on specimens feeding on F. verticillioides diet it can be suggested that bacteria can be responsible for increased nutritional value of F. verticillioides diet for T. putrescentiae. Such mixed feeding strategy seems to be more beneficial than utilization of the fungus alone. Although the experiments were conducted in the laboratory, similar interactions can be expected in the habitats where mites and fungi co-occur naturally.
